Introduction
Scoping simulations performed using a severe accident code can be applied to investigate the influence of advanced materials on beyond design basis accident progression and to identify any existing code limitations. In 2012 an effort was initiated to develop a numerical capability for understanding the potential safety advantages that might be realized during severe accident conditions by replacing Zircaloy components in light water reactors (LWRs) with silicon carbide (SiC) components. To this end, a version of the MELCOR code, under development at the Sandia National Laboratories in New Mexico (SNL/NM), was modified by replacing Zircaloy for SiC in the MELCOR reactor core oxidation and material properties routines. The modified version of MELCOR was benchmarked against available experimental data to ensure that present SiC oxidation theory in air and steam were correctly implemented in the code. Additional modifications have been implemented in the code in 2013 to improve the specificity in defining components fabricated from non-standard materials. An overview of these modifications and the status of their implementation are summarized below.
Description of MELCOR
The MELCOR code is the primary code used by the Nuclear Regulatory Commission (NRC) to model and analyze the progression of severe accidents. It has been developed and maintained for the NRC by the Sandia National Laboratories (SNL). MELCOR is a systems level severe accident code which includes the major phenomena of the system thermal hydraulics, fuel heat-up, cladding oxidation, radionuclide release and transport, fuel melting and relocation, etc.
MELCOR is presently designed for current LWR core material configurations. As such, the code contains material property definitions for "UO 2 ", "Zircaloy", "ZrO 2 ", "steel", "steel oxide" and "Inconel" for the fuel, cladding, spacer grids, support plates and channel boxes. The user can change the defined properties of one of these materials, such as Zircaloy, through user input. Internally, however, the code assigns material composition according to core component. As a result, a material property change to one of the core components, e.g. the cladding, will also change the material composition and properties of other core structures, e.g. channel boxes. This assumption can only be changed by modifying and recompiling the code to consider additional materials for any given core component.
Initial MELCOR Modifications: Material Substitution
Modifications to include SiC as an additional cladding material in MELCOR are presently ongoing at the Idaho National Laboratory (INL). INL has focused on applying the modified MELCOR code to the Three Mile Island Unit 2 (TMI-2) loss-of-coolant accident (LOCA) in a pressurized water reactor (PWR). The TMI-2 accident was caused by a small-break LOCA in a two-loop Babcock and Wilcox (B&W) Initial modifications were made by directly substituting all Zircaloy components with silicon carbide. The properties and behaviors of monolithic chemical vapor deposited (CVD) SiC were used in place of Zircaloy in the MELCOR reactor core oxidation and material property routines. A summary of these properties is included at the end of this report. Much of what is considered for nuclear applications (cladding or other components) would use SiC-based ceramic matrix composites (CMC) rather than or in addition to monolithic CVD SiC, a brittle ceramic. However, the property data for SiC CMCs, particularly oxidation behavior, is extremely limited. Many of these data gaps are being addressed by current research in several Department of Energy programs (e.g., Fusion Materials Program, Fuel Cycle Research & Development Program, and the LWR Sustainability Program), but property data was insufficient for the oxidation of SiC CMCs at the time the MELCOR model was benchmarked. Hence, properties for monolithic CVD SiC were applied in these initial studies; updates to the oxidation behavior and failure temperatures can be made when additional data becomes available.
The initial version completed to analyze the TMI-2 event substitutes the properties of CVD SiC for Zircaloy in MELCOR's reactor core oxidation behavior (for oxidation in air and steam) and material property routines (including properties such as thermal conductivity, specific heat, density, emissivity, and heat of formation). Details of the SiC oxidation model and results of these initial analyses have been summarized in Merrill (2012) 2 and Merrill and Bragg-Sitton (2013).
3 Similar analyses could be performed for alternate cladding materials by overwriting the Zircaloy properties (defined as the SiC properties in this version) with the properties of the alternate material, recognizing that this would replace all structures and components in the core that are currently Zircaloy with the alternate material. The oxidation behavior (i.e. linear or parabolic oxidation rate) would determine which version of the code would be most applicable as a starting point for analysis of the potential safety benefit of the new candidate material.
Ongoing MELCOR Modifications: Definition of New Materials
Following the initial study that directly substituted SiC for Zircaloy in the PWR simulation, additional work has been conducted to define SiC as a unique material in addition to Zircaloy in the core physics package and the data materials package. In this version SiC is defined as a new core material using the known properties of CVD SiC and all the necessary links between the code's core physics and materials packages have been set. This version required modification to the MELCOR code (beyond simple user input) and recompilation. Hence, the modified version will now allow a user to assign both Zircaloy and SiC in a reactor core model for the cladding via user input. If necessary, the user can modify the material properties database through the input deck without requiring the code to be recompiled. Hence, this modified version could be made available for users less familiar with the MELCOR code structure.
Several modifications have been made to the core physics package in this second modified version. The SNL version of MELCOR allows for cladding to be Zircaloy and ZrO 2 . The initial modification made by INL overwrote the kinetics for Zircaloy, such that Zircaloy and SiC could not be coexistent in the core. The second modification now adds SiC and SiO 2 to the list of possible cladding materials. SiC has also been identified in MELCOR's oxidation logic as a cladding material. If SiC is entered by the user as a cladding material, the new oxidation logic oxidizes SiC first, and then all other user defined cladding materials, such as Zircaloy, once the SiC has been completely oxidized. As modified, this code version allows the user to define multi-layer cladding materials. There has been significant interest in using SiC CMC as an overwrap on a Zircaloy cladding tube to reduce the oxidation rate and total oxidation extent of the underlying Zircaloy. Other researchers are investigating the application of coatings to the external surface of a Zircaloy cladding tube to reduce oxidation. The modifications made for SiC in this code version could easily be duplicated for another material, allowing the user to assess the safety potential of these design options as well. As discussed, this version allows cladding to be defined as Zircaloy or SiC while all other structures and components are individually defined as MELCOR default LWR materials: Zircaloy, stainless steel, or Inconel.
Some additional modifications are necessary to complete this second stage of MELCOR modifications. First, MELCOR defines a zero thickness for Zircaloy as a failure point. Definition of a purely SiC cladding (without a Zircaloy liner) would be translated by MELCOR as a failed core even if all of the SiC cladding is still present in its original configuration. Hence, a very thin layer of Zircaloy must still be defined in a core that contains both SiC and Zircaloy to allow the simulation to proceed. This limitation can be overcome given availability of additional time and funding. Second, SiC has been defined in the core physics package, allowing for its use as a cladding material. However, SiC has not yet been defined as a known material in MELCOR's debris bed model, which is necessary for material tracking and performing energy balance calculations. Initial steps have been taken to verify global conservation of energy, but this verification step has not yet been completed. Additional modifications need to be made to the print and plot routines within MELCOR to allow analysis of results from this second modified version.
Requirements for Definition of New Materials in MELCOR
To define additional materials in MELCOR one can choose to either overwrite properties for Zircaloy or to define a new material. The work has been done to determine how to implement new materials using either method, such that definition of additional materials will be more straightforward than it was for SiC. The preferred option may depend on whether or not the material is proposed for all structures and components that are currently Zircaloy, or only for the cladding material. Additionally, the oxidation behavior will define whether the material is closer in behavior to SiC (parabolic SiC oxidation kinetics limited by a linear SiO 2 volatilization process) or Zircaloy (parabolic oxidation kinetics limited by a stable oxide film). Key material properties and behaviors necessary for MELCOR simulation include:
• Properties of the base material (e.g. SiC) and its oxide (e.g. SiO 2 ), as a function of temperature and irradiation:
o Melting temperature (T melt [K] ) of the base material, oxide and any eutectics that may form
• Oxidation reactions, including oxidation rate, heat of reaction, reaction products, etc.
• Arrhenius relationship for parabolic oxidation rate behavior
Appendix A Properties of Silicon Carbide
Data presented in Figures A-1, A-2 and in Tables A-1, A2 were applied in the presented MELCOR analysis.
Figure A-1. Thermal conductivity of SiC .
Figure A-2. Specific heat of SiC ). INL/EXT-13-30206 Katoh, Wilson, and Forsberg (2007) . 
